Abstract B-cell lymphomas with two oncogenic chromosomal translocations ("double-hit" lymphomas [DHL]) often exhibit morphologic and immunophenotypic features intermediate between conventional diffuse large B-cell lymphoma and Burkitt's lymphoma (BL). DHL are highly aggressive neoplasms that respond poorly to current treatment strategies. A case of DHL that arose in a patient with a history of renal transplantation, diagnosed in a skin biopsy, is described. The lymphoma had morphologic features reminiscent of BL; however, in addition to the IGH@-MYC fusion, BCL6 was translocated to chromosome 13 in the presence of a complex karyotype. This case exhibits very unusual features: lymphomas with both MYC and BCL6 translocations are rare, and posttransplant DHL have virtually never been described. The importance of identifying patients with DHL is emphasized, as these patients require alternative therapeutic approaches.
Introduction
B-cell lymphomas harboring two or more chromosomal translocations involving genes recurrently implicated in lymphomagenesis are commonly referred to as "doublehit" lymphomas (DHL) [1] . Most commonly, these lymphomas have both BCL2 and MYC rearrangements; however, MYC rearrangements have also been described in conjunction with BCL6 and CCND1 translocations [2] . DHL have a very aggressive clinical course and respond poorly to current standard therapies [1, 3, 4] . Many of these lymphomas have morphologic and immunophenotypic features intermediate between diffuse large B-cell lymphoma (DLBCL) and Burkitt's lymphoma (BL). In the most recent WHO classification, a new diagnostic category "B-cell lymphoma, unclassifiable, with features intermediate between diffuse large B-cell lymphoma and Burkitt's lymphoma" (I-DLBCL/BL) was introduced [1] , and most cases of DHL are now expected to be classified in this category [5] . Due to their relative frequency, BCL2/MYC DHL are the best-characterized DHL. Less is known about the clinicopathologic features of BCL6/MYC DHL, and only a limited number have been described in the literature [2, 6] .
Here, we describe a case of BCL6/MYC DHL that arose in a patient 17 years after renal transplantation. This case adds to the limited literature regarding BCL6/MYC DHL. The importance of classical cytogenetic and fluorescence in situ hybridization (FISH) for proper classification of highgrade B-cell neoplasms is emphasized, and the lymphoma's possible relationship with the patient's renal transplant is discussed.
Case report
The patient was a 57 year-old male who presented to the emergency department with complaints of abdominal pain. He had felt ill for the previous 2 weeks, with lethargy, dyspnea, and diaphoresis. The abdominal pain had arisen and become increasingly severe over the course of the previous week. He had no fever, nausea, vomiting, or diarrhea. The patient's medical history was notable for a cadaveric renal transplant 17 years ago due to end-stage renal disease secondary to Alport syndrome. He had no complaints of flank pain, hematuria, or dysuria. The patient's renal function had been stable for years, and he had been maintained on cyclosporine for immunosuppression. He additionally had chronic hepatitis C infection, with stable liver function. An abdominal CT revealed diffuse stranding and nodularity in the bowel mesentery and omentum. He had a 1-cm subcutaneous nodule on the left upper abdomen that was new, nontender, and not pruritic. The nodule was biopsied. After receiving the results of the skin biopsy, a bone marrow aspiration and biopsy were performed, and the patient was started on an intensive hyper-CVAD chemotherapeutic regimen, with the addition of rituximab. His treatment was complicated by his underlying comorbidities. Although the tumor initially responded to therapy, the patient developed sepsis, multiorgan failure, and died 6 months after initial diagnosis.
Methods
Sections of the skin biopsy were fixed in B5 and 10 % neutral buffered formalin. The bone marrow biopsy was fixed in B5 and formalin with subsequent decalcification. Both specimens were processed and embedded in paraffin using routine histologic techniques. Sections were stained with hematoxylin and eosin. Bone marrow aspirate preparations were stained with Wright-Giemsa.
Immunohistochemical stains were performed using an automated immunostainer (Ventana Medical Systems, Tuscon, AZ, USA). Immunohistochemical stains used included CD3, CD20, CD10, BCL6, Ki-67 (Ventana Medical Systems, Tuscon, AZ, USA), and BCL2 (EMD4 Biosciences, San Diego, CA, USA). In situ hybridization for Epstein-Barr early RNA (EBER, Ventana Medical Systems, Tuscon, AZ, USA) was performed. All control tissues stained appropriately.
The bone marrow sample was processed using standard cytogenetic techniques. Trypsin-Giemsa-banded metaphase cells were analyzed at 400 band resolution level. Interphase FISH was performed on the skin sample, following deparaffinization, using Vysis LSI BCL6 (ABR) Dual Color, Break Apart Rearrangement Probe and Vysis LSI MYC Dual Color Break Apart Rearrangement Probe (Abbot Molecular, Des Plaines, IL, USA). FISH was additionally performed on the bone marrow aspirate to assess the LCP1 locus using a break-apart strategy. BAC clones RP11-71 J12 and RP11-247 M1 (BlueGnome, Cambridge, UK) were differentially fluorescently labeled and hybridized to metaphase cells.
Results

Histology
The cutaneous nodule was composed of a dermal and subcutaneous infiltrate of monomorphic medium to large lymphocytes with variably prominent nucleoli, a high mitotic rate, and "starry sky" appearance ( Fig. 1a-c) . The bone marrow was replaced by the same process. Cytologic preparations of the bone marrow biopsy showed that the cells had extensive cytoplasmic vacuolization (Fig. 1d) . 
Immunohistochemistry
The neoplastic infiltrate consisted of CD20-positive B cells with coexpression of CD10. The cells expressed BCL6, weakly expressed BCL2, and had a proliferation fraction that surpassed 95 % by Ki-67 staining (Fig. 2) . In situ hybridization for Epstein-Barr early RNA (EBER) was negative, as were serologic studies for EBV.
Cytogenetics
Metaphase cytogenetics revealed a complex karyotype: 47, XY,-3,t(3;13)(q27;q14),+der(3)t(3;13)(q27;q14),del(6) (q21q25),+7,t(8;14)(q24;q32) (Fig. 3a) . (Fig. 3b,c) . By metaphase cytogenetics, the MYC locus was rearranged with 14q32, the location of the IGH@ locus. The BCL6 probes yielded an unusual pattern consisting of two green (centromeric) signals and only a single red (telomeric) signal. This pattern is consistent with the karyotypic findings of a duplicated derivative chromosome 3 containing material from chromosome 13, along with loss of the residual normal chromosome 3. The translocation partner located at 13q14 for BCL6 was unknown. The only previously reported BCL6 translocation partner in this chromosomal region is LCP1 [7] ; therefore, this locus was examined. Break-apart FISH probes assessing LCP1 revealed a normal, dual fusion signal pattern (data not shown).
Discussion
We have described a case of DHL containing both BCL6 and MYC rearrangements. The lymphoma was systemic at time of presentation and was diagnosed through a skin biopsy. The morphologic features of the lymphoma were suggestive of BL; however, the immunophenotype was atypical for this diagnosis. The application of genetic techniques allowed us to establish that the lymphoma was not classical BL and that it should rather be classified as I-DLBCL/BL. The patient's remote history of a renal transplantation and continued immunosuppression with singleagent cyclosporine additionally raises the possibility that the lymphoma should be considered a posttransplant lymphoproliferative disorder (PTLD).
According to current WHO criteria, a nonindolent lymphoma that arises in a transplant recipient is, by definition, PTLD [8] . Given the high-grade morphology of the current case, it would be classified as monomorphic PTLD (M-PTLD) according to WHO criteria. Several features of this case are unusual for M-PTLD, however. Although adult renal transplant patients are certainly at increased risk for PTLD, the incidence is low compared with other transplant types, estimated at 0.4-2.0 % [9] . While EBV-negative M-PTLD is associated with longer latency posttransplant than other types of PTLD, 17 years is atypical [10] . Additionally, although MYC rearrangements are seen in PTLD, BCL6 rearrangements are uncommon; and DHL, as previously defined, are vanishingly rare [11] [12] [13] . To the best of our knowledge, this is the first case of a BCL6/MYC DHL that has been described in the posttransplant setting. Therefore, it is unclear whether this lymphoma is truly posttransplantrelated. Fig. 2 Immunohistochemical features. The lymphocytes strongly express CD20 (a, ×100), with weak BCL2 expression (b, ×200). BCL6 is expressed (c, ×400), and Ki-67 staining demonstrates a proliferation fraction of >95 % (d, ×400) Some of the morphologic features as well as the expression of CD10, BCL6, high proliferation rate, and the documentation of an IGH@-MYC fusion by FISH suggest Burkitt's lymphoma. These findings are not specific for BL, as DLBCL may contain MYC rearrangements [1] . Additionally, several features argue against a diagnosis of classical BL, primarily the expression of BCL2 and the cytogenetic findings. Cases of true BL as defined by gene expression have relatively few genetic changes [1, 3] . BL harbor fewer than six genetic aberrations as demonstrated by array comparative genomic hybridization [3] or two or fewer abnormalities in addition to the t(8;14) by lowerresolution metaphase karyotyping [14] . Our patient's lymphoma contained five karyotypically recognizable aberrations in addition to the t(8;14), indicating that it is not strictly BL.
DHL contain translocations involving BCL2, BCL6, or CCND1 in addition to a MYC translocation [1, 2] . Although many DHL are morphologically suggestive of BL, they are now classified as I-DLBCL/BL and should not be diagnosed as BL [1, 5] . DHL with translocations involving both MYC and BCL2 are the most common and, therefore, the best characterized in the literature [2, 4] . In BCL2/MYC DHL, the MYC rearrangement is usually a progression-related secondary genetic change in a lymphoma harboring a BCL2 rearrangement [2] . These lymphomas are highly aggressive and do not respond well to current therapy [1, 3, 4] . Recent studies including the cases from the Mitelman database [15] have examined the clinical features and outcomes of BCL6/MYC DHL [2, 6] . Interestingly, so-called "triple-hit" lymphomas with translocations involving BCL2, BCL6, and MYC may be more common than those containing only BCL6 and MYC [2] . Many of the reported BCL6/MYC DHL had morphologic features of BL, and they have had an aggressive clinical course [6] . It is unclear if BCL6/MYC and BCL2/MYC DHL outcomes differ due to the limited number of cases studied and the possibility that some reported BCL6/MYC cases actually represent unrecognized BCL2/BCL6/MYC triple-hit lymphomas [2] .
We carried out FISH to determine the presence of the previously reported LCP1-BCL6 fusion [7] . The break-apart strategy used revealed a normal, dual fusion signal pattern, excluding LCP1 as a translocation partner. Given the unbalanced karyotype, this result also indicates that the partner gene is located telomeric to LCP1 on chromosome 13. No other BCL6 fusion partners have been described in this region, according to the Mitelman database [15] . This patient's poor outcome in the face of treatment with intensive chemotherapy underscores the fact that new therapeutic modalities are needed to effectively treat patients with these aggressive lymphomas. Cytogenetic and molecular techniques are required for the appropriate classification of these neoplasms. Metaphase cytogenetic assessments are not routinely performed on lymphoma samples at many Fig. 3 Cytogenetic features. A complex karyotype of 47,XY,-3,t(3;13)(q27;q14),+der(3)t (3;13)(q27;q14),del(6) (q21q25),+7, t(8;14)(q24;q32) was identified (a). The t(3;13) and duplicated der(3) containing BCL6 rearrangements are denoted by arrowheads. Arrows denote the t(8;14) that lead to IGH@-MYC fusion. Note that this particular cell additionally exhibited random loss of one chromosome 18. Fluorescence in situ hybridization for MYC (b) and BCL6 (c). The MYC break-apart probe shows one red, one green, and one fusion (yellow) signal in most cells, indicating MYC rearrangement. The BCL6 break-apart probe shows an abnormal pattern with two green, one red, and no fusion signals in most cells. This is consistent with the karyotypic findings of a duplicated der (3)t(3;13) and concomitant loss of the normal chromosome 3 centers; however, cytogenetic results are important for the correct classification of these tumors. If feasible, tumor specimens with a clinical suspicion of a high-grade lymphoma should be sent for metaphase cytogenetics, particularly in adult patients. Interphase FISH studies for BCL2, BCL6, and MYC can be performed following formalin fixation and paraffin-embedding and should be pursued for all B-cell lymphomas with aggressive features or those that are suggestive of BL. The identification of DHL is critical so that patients with this aggressive disease receive appropriate counseling regarding their prognosis and become candidates for investigational therapies.
